Simple unicellular organisms such as Saccharomyces Summary cerevisiae also divide asymmetrically, suggesting that the molecular mechanism underlying spindle positionSpindle alignment is the process in which the two ing was established early in evolution. Prior to cell divispindle poles are directed toward preselected and opsion, S. cerevisiae cells undergo polarized growth to posite cell ends. In budding yeast, the APC-related form a bud. Concomitantly, the mitotic spindle organizes molecule Kar9 is required for proper alignment of the in the mother cell. Inheritance of a daughter nucleus by spindle with the mother-bud axis. We find that Kar9 the bud is ensured through alignment of the mitotic localizes to the prospective daughter cell spindle pole.
spindle pole and microtubules proximal to the bud is was lost in bim1⌬ cells ( Figure 1D ). However, Bim1 is symmetrically distributed on nuclear and cytoplasmic crucial for proper alignment of the spindle along the mother-bud axis. Asymmetric localization of Kar9 demicrotubules and on spindle poles ( Figure 1E ). Kar9-YFP decorated only a subset of Bim1-CFP-labeled mipends on its phosphorylation by Cdc28/Clb4 and Cdc28/Clb3. These complexes were also distributed crotubules ( Figure 1F ). Thus, while Bim1 is required for Kar9 localization on spindle poles and microtubules, asymmetrically on spindle poles. Altogether, our results indicate that Cdc28-dependent asymmetry of the spinit does not account for Kar9 asymmetry. Thus, Kar9 interaction with microtubules and spindle poles must dle plays a key role in spindle alignment with cortical polarity.
be spatially regulated. Next, we tested whether Kar9 asymmetry was dependent on the overall asymmetry of the cell. cdc42-1 cells Results fail to polarize their cytoskeleton and do not form a bud at the restrictive temperature. However, they replicate Kar9 Associates with the Spindle Pole Destined DNA and assemble metaphase spindles correctly (Sia to the Bud et al., 1996) . In these unbudded cells, Kar9 was still To reinvestigate the localization of Kar9 to spindle poles, distributed asymmetrically on the spindle ( Figure 1G ). we examined cells expressing Kar9-YFP and either CFPKar9 also distributed asymmetrically on spindle poles Tubulin ( Figure 1A These results indicate that Cdc28 activity is required to maintain the asymmetric distribution of Kar9. To investigate the mechanism of Kar9 asymmetry, we first tested whether its localization depended specifiTo test whether Cdc28 acts directly on Kar9, we investigated whether Kar9 was modified in a Cdc28-depencally on the proteins it is known to interact with physically or genetically. Thus, we tested whether spindle dent manner in vivo. The chromosomal copy of Kar9 was C-terminally fused with the TAP tag (Puig et al., pole localization was affected in myo2-16, stu2-13, dhc1⌬, or bim1⌬ cells. The myo2-16 allele affects Myo2 2001), and its modification was investigated by SDS-PAGE and Western blot analysis. Kar9-TAP was fully interaction with Kar9 at 37ЊC (Yin et al., 2000) . Stu2 is the yeast homolog of XMAP215 and localizes to spindle functional (see Figure 7G ). Kar9 migrated as several forms ( Figure 3A ), which were resolved to a single, fastpoles and microtubules (Wang and Huffaker, 1997). Kar9 localization was unaffected in myo2, stu2, and dhc1⌬ migrating form upon treatment with phosphatase. In agreement with Kar9 being a phosphoprotein, twomutants ( Figure 1G and data not shown) . In contrast, Kar9 loading on both microtubules and spindle poles dimensional electrophoresis ( Figure 3B ) revealed that Kar9 exists as a major form and three increasingly acidic phosphorylation is dependent on Cdc28 activity. First, Kar9 phosphorylation sharply disappeared in the cdc28-isoforms (arrows, Figure 3B) such effect was observed with DMSO alone ( Figure 3C ). tation of both sites (Kar9-AA) abolished the formation of slow-migrating forms ( Figure 3E ) and the formation Second, Kar9 phosphorylation was also strongly reduced in the cdc28-4 mutant grown at the permissive of acidic isoforms ( Figure 3F ). Therefore, we conclude that Kar9 is phosphorylated by Cdc28 at positions 197 temperature and totally abolished upon shift to the restrictive temperature ( Figure 3D) . Third, the level of Kar9 and 496 in vivo. The site at position 496 may be conserved in APC (adenomatous polyposis coli; Bienz, modification varied during the cell cycle, being high shortly after bud emergence and decreasing at the onset 2001; Figure 3E ). The pattern of Kar9 phosphorylation during the cell of anaphase ( Figure 4A ). Finally, both S197A and S496A mutations, which affect the two Cdc28 consensus sites cycle suggested that it depends on early cyclins. Consistent with this possibility, Kar9 was hypophosphoryin Kar9, inhibited Kar9 phosphorylation ( Figure 3E ). Mu- tribution was analyzed ( Figure 4B ). Kar9-YFP associated conclude that phosphorylation of Kar9 by Clb4/Cdc28 controls its distribution by preventing its loading and/ with both poles of short spindles in only 15% of the cells. In contrast, this proportion increased to 51% for or maintenance on the mother bound pole. Kar9-S496A-YFP, 56% for Kar9-S197A-YFP, and 58% for Kar9-AA-YFP ( Figure 4C ). Consistent with Clb4 being Clb4 Localizes to the Mother Bound Pole The observation that Clb4 prevents Kar9 loading on the the predominant cyclin for Kar9 phosphorylation, disruption of CLB4 similarly affected the asymmetric distrimother bound pole prompted us to investigate Clb4 distribution. A CLB4-GFP fusion gene under the control bution of Kar9 (Figures 4B and 4C) . Disruption of either CLB2 or CLB5 had no effect (Figures 4B and 4C) . We of a galactose inducible promoter (pGAL1) was trans- formed into wild-type cells expressing Spc42-CFP. A pole. In cells with a properly oriented spindle, the prominent Clb4-GFP dot colocalized with the Spc42-CFP-CLB5-GFP construct was used for comparison. After 3 hr on galactose, Clb4-GFP was observed as a diffuse labeled pole distal to the bud ( Figure 4D ). Clb5-GFP was only seen as a diffuse nuclear staining (data not shown). staining in the nucleoplasm and as a prominent dot at the nuclear periphery ( Figure 4D ). This dot colocalized Thus, Clb4 localized asymmetrically on spindle poles and preferentially to the pole without Kar9. Similar rewith Spc42-GFP in 100% of the cases. In budded cells with duplicated SPBs, Clb4 localized essentially to one sults were obtained with Clb3 (data not shown). These results are consistent with Clb4/Cdc28 phosphorylating 3D time-lapse microscopy. As described, microtubule behavior unambiguously identified an active (daughter Kar9 at and thereby inhibiting its localization to the pole destined to the mother cell.
bound pole) and a relatively inactive pole (mother bound pole) (Vogel et al., 2001 ). We observed a striking difference between the microtubules coming from each pole Kar9 Is Loaded onto Microtubules at the Spindle Pole in their ability to orient in the cell. Short microtubules (Ͻ1 m) growing from the daughter bound pole emanated at Next, we wanted to clarify the function of Kar9. Using time-lapse microscopy, we frequently observed that various angles relative to the mother-bud axis ( Figure  6A ). However, they rapidly reoriented toward the bud Kar9 dots moved from the spindle pole toward the cortex along microtubules and retracted toward the spindle as they elongated (Figure 6A ), indicating that they were guided by some mechanism. In contrast, microtubules pole together with shrinking microtubules (Figure 5A ; Supplemental Movie S1). Altogether, Kar9 localized pricoming from the mother bound pole did not reorient ( Figures 6B and 6C ). marily to microtubules emanating from the Kar9-loaded pole (examples in Figures 1A, 2A, and 7A) . Furthermore, To confirm this observation, we monitored over time the angle that microtubules (N Ͼ 120) made with the in cells treated with nocodazole, no Kar9-YFP dots were observed at the bud cortex ( Figure 1C) . In these cells, mother/bud axis (polar angle) in wild-type cells. When the microtubules emerged from the daughter bound Kar9 was only observed on the spindle pole. Thus, our data indicate that, unlike for overexpressed Kar9 (Miller pole, this angle dropped within few frames upon microtubule emergence (examples in Figure 6B ). Microtubule and Rose, 1998), the localization of endogenous Kar9 to the bud cortex depends on microtubules. They also orientation took place in the mother cell and did not depend on whether the spindle was properly oriented suggest that these Kar9 molecules originally come from the spindle pole.
or not (example in Figure 6A ). In contrast, the polar angle of microtubules coming from the mother bound pole To clarify the origin of the Kar9 molecules present in cortical dots, cells expressing GFP-Tub1 and Kar9-GFP varied little over time, indicating that these microtubules failed to reorient (examples in Figure 6B) . This difference or Kar9-GFP alone were subjected to photobleaching experiments ( Figures 5B and 5C) . First, the bud was was obvious when we plotted polar angles at t ϭ 0 (angle upon emergence from the pole) versus t ϭ 27 irradiated to photobleach cortical Kar9-GFP. In these cells, Kar9 dots still formed and were seen to move from s (three frames after emergence) for a population of microtubules coming from either the daughter bound or the presumptive spindle pole into the bud ( Figure 5B , 13/14 experiments). Once in the bud, they neither disapthe mother bound pole ( Figure 6C ). 98% of the microtubules coming from the daughter bound pole (N ϭ 81) peared nor lost intensity compared to unbleached cells, suggesting that they did not exchange material with reduced their angle within this time, and 93% of them reached a small angle (Ͻ25Њ) independently of their bleached molecules at the bud cortex. In experiments where GFP-Tub1 was also present, these dots localized angle of emergence. In contrast, microtubules coming from the mother bound pole (N ϭ 34) remained on the to the plus end of growing and shrinking microtubules. Thus, little or no Kar9 found at the tip of microtubules diagonal of the graph, indicating that they barely changed orientation within 27 s. Accordingly, only 9% of in the bud originated from the bud cortex.
In reverse experiments, we bleached the pool of Kar9 them reached low angles. Together, our results indicate that microtubules growing out of the daughter bound at the pole and monitored dot formation in the bud. In eight out of nine such experiments, no recovery of Kar9 pole and loaded with Kar9 do not randomly search for the bud cortex but are guided from the start toward their was observed at the pole, and no Kar9 dots formed in the bud ( Figure 5C ). Thus, the Kar9 molecules present target. at the tip of microtubules in the bud all originate from the spindle pole or its vicinity. A putative cortical pool Microtubule Guidance Depends on Kar9, Myo2, and Actin of Kar9 made no or little contribution to the formation of Kar9 dots. Together, our results indicate that Kar9
We next investigated the mechanism of microtubule guidance toward the bud. This process depended on was loaded onto microtubules at the spindle pole. This conclusion is consistent with the observation that Kar9
Kar9, since cells lacking Kar9 completely failed to orient microtubules ( Figures 6D and 6G ). It also depended on localization was restricted to the microtubules emerging from the Kar9-loaded pole.
Myo2, since the myo2-16 cells showed the same defect upon shift to the restrictive temperature ( Figures 6E and  6G) . The myo2-17 allele leads to a temperature-sensitive Microtubules Emanating from the Daughter Bound Pole Are Actively Guided toward the Bud growth defect, yet does not affect either motor function or the Kar9-Myo2 interaction (Yin et al., 2000) . This allele Together, our results indicate that Kar9 acts predominantly on microtubules and not at the cortex, as predid not affect microtubule orientation ( Figure 6G) . Thus, the function of Myo2 in microtubule guidance correlates viously proposed. Thus, we reexamined the function of Kar9. To address this issue, we first analyzed the behavwith its ability to bind Kar9. Finally, cells treated with latrunculin A also failed to reorient microtubules toward ior of cytoplasmic microtubules in wild-type cells by conditions. 50 to 200 microtubules were traced for each quantification. Microtubules were scored as orienting if (1) they were not properly oriented at emergence, (2) reorientation toward lower angles was rapid (took place within the first three frames), and (3) the microtubule plus end actually reached the bud neck. the bud (Figure 6F) were then restreaked on 5-FOA to test whether they we next investigated the consequence of symmetric survived in the absence of the URA3-and KAR9-conloading of Kar9 onto spindle poles using Kar9-AA-YFP, taining plasmid. As shown in Figure 7G Figure 7B ). They performed
In this study, we show that asymmetric localization of a "dance," in which each pole repeatedly moved toward spindle pole components is required for alignment of the bud and retracted as the other moved toward the the spindle with cell polarity. This conclusion is based bud (Supplemental Movie S3). In KAR9-AA cells, microon the following observations. tubules coming from both poles were guided toward the First, the microtubule-associated protein Kar9 localbud at high frequency ( Figure 7C, N ϭ 142 microtubules) .
ized asymmetrically on the spindle poles and on microThis was in contrast to both wild-type cells (Figures 6B tubules. At the spindle pole, Kar9 appears to localize to and 6C, N ϭ 191 microtubules), where mainly microtuthe SPB rather than on short cytoplasmic microtubules bules coming from the daughter bound pole, and to since Kar9 levels at the pole are not sensitive to nocodakar9⌬ cells, where microtubules coming from neither zole. In contrast, the localization of microtubule-associpole, were guided toward the bud ( Figure 7C, N ϭ 114 ated proteins to spindle poles, such as dynein, is immicrotubules). Cells expressing both Kar9-AA and enpaired by microtubule depolymerizing drugs (Shaw et dogenous Kar9 also guided microtubules coming from al., 1997). According to the idea that Kar9 localizes to both poles toward the bud ( Figure 7C, N ϭ 254 microtu- the SPB independently of microtubules, we found (simibules). Thus, Kar9-AA acted in a dominant manner to larly to Lee et al. 2000) that overexpressed Kar9 localizes guide microtubules from both poles toward the bud.
to spindle poles in bim1⌬ cells (Kusch and Barral, unTherefore, the serine to alanine mutations affected only published data). In these cells, Kar9 localization to miKar9 distribution, but not its ability to guide microtubules crotubules was not restored by overexpression. Thus, toward actin nucleation sites. Accordingly, Kar9-AA was Kar9 localizes asymmetrically to both SPBs and microalso fully functional for proper microtubule orientation tubules. during mating ( Figure 7D ). Together, our data indicate Second, Kar9 asymmetry depended on the activity of that loading of Kar9 on both poles leads to the targeting the Cdk1 kinase, specifically Cdc28/Clb4 and perhaps of both poles toward the bud. Cdc28/Clb3. Cdc28/Clb4 and Cdc28/Clb3 phosphorySimilar results were obtained in the clb4⌬ mutant, lated Kar9 in vivo and also localized asymmetrically onto where Kar9 was associated with both poles of the majorSPBs. Finally, unphosphorylatable variants of Kar9 loity of the spindles (73%, 53 movies). These spindles calized symmetrically on spindle poles and microtuwere misoriented (79%, Figure 7E) Another important conclusion of our study is that Kar9 There it forms a capture site for microtubules due to its is loaded onto microtubules at the spindle pole, a conability to interact with the EB1 homolog Bim1. Microtuclusion supported by our photobleaching data and the bules are thought to reach this site by random search.
observation that Kar9 distribution is spindle pole depenOur data are inconsistent with this model. First, we found dent. Alternatively, Kar9 may be loaded onto microtuthat endogenous Kar9 localized to and acted on microbules at other cellular locations, but its maintenance on tubules rather than at the cortex. In fact, Kar9 was only specific microtubules must be controlled at the spindle seen at the cortex independently of microtubules when pole. Thus, we propose that spindle poles act as loading overexpressed ( GFP-TUB1. Yeast strains are listed in Supplemental Table S1 online at http:// www.cell.com/cgi/content/full/112/4/561/DC1. C-terminal tags and gene deletions were generated at endogenous loci as described
